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Microlens arrays and related planar photonic components have become increasingly important for a wide range of applications, such as compact imaging, [22, 23] optical sensing, [24] fiber coupling, [25] and thermo-photovoltaic energy conversion. [26] As a result, there has been growing demand for the development of low-cost, scalable fabrication techniques capable of manufacturing such high performance components. Although significant progress has been made using conventional spherical lenses, chromatic aberration and small operational bandwidth remains a lingering problem for infrared imaging. [1, 3, 27] These challenges are difficult to overcome due to the lack of materials capable of broadband transmission as well as the feasibility for manufacturing multielement/multimaterial system with microscale dimensions. Gradient index optics (GRIN) presents an interesting solution for chromatic aberration. When an index gradient is induced along the radial axis of an optical element, light is refracted within the volume of the component, unlike conventional homogeneous media where light is only refracted A novel photothermal process to spatially modulate the concentration of subwavelength, high-index nanocrystals in a multicomponent Ge-As-Pb-Se chalcogenide glass thin film resulting in an optically functional infrared grating is demonstrated. The process results in the formation of an optical nanocomposite possessing ultralow dispersion over unprecedented bandwidth. The spatially tailored index and dispersion modification enables creation of arbitrary refractive index gradients. Sub-bandgap laser exposure generates a Pb-rich amorphous phase transforming on heat treatment to high-index crystal phases. Spatially varying nanocrystal density is controlled by laser dose and is correlated to index change, yielding local index modification to ≈+0.1 in the mid-infrared.
Gradient-Index Optics
Gradient refractive index (GRIN) optics present unique opportunities for control of the chromatic properties of an optical system. [1] [2] [3] [4] [5] Novel GRIN materials can be engineered to provide dispersive properties which lie far outside those found in nature, providing new degrees of freedom for optical along a curved surface. By taking advantage of the additional degrees of freedom associated with volumetric focusing, it is possible to engineer a material system capable of dispersive properties that lie far outside what is found in nature, such as ultralow dispersion across a broadband spectrum, thereby greatly reducing chromatic aberration. [5, 13, 14] GRIN materials are media in which the refractive index is varied as a function of spatial position, usually through a variation of material composition. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] This variation can be induced by chemical diffusion (i.e., ion exchange [1, 7] ), lamination of homogeneous, dissimilar materials (as in the case of polymers [8] [9] [10] or glasses [11] ), and ion implantation [12] to yield either radial or axial GRIN, respectively. Recently, a micropoling method has been shown to enable both lateral and axial refractive index modification with exceptional long-term stability within a near surface (<10 µm) layer in a bulk multicomponent chalcogenide glass. [28] However, these methods typically require substantially complex multistep processes, often lack index gradients with nanoscale resolution, are not compatible with planar geometries or generate optical loss associated with ion beam-induced damage. For the first time, we have demonstrated a novel photothermal process capable of manufacturing a broadband chalcogenide glass with the capability to produce refractive (microlens array) or diffractive (grating) optical structures.
Several high index chalcogenide compositions have received significant interest for applications in infrared optics due to their potential as an affordable material for high transmission over a wide range of wavelengths from 1 to 12 µm. [29] [30] [31] [32] [33] [34] [35] Furthermore, chalcogenide glasses have the ability to modulate their refractive index through the formation of high index nanocrystals within the low index glassy matrix. [15, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Here, we exploit these attributes in vapor deposited metastable thinfilm GAP-Se glasses that can be transformed to induce high index Pb-rich nanocrystals within the low index glassy matrix. Glass composites with nanocrystals that are sufficiently smaller than the wavelength of light (i.e., less than λ/10) can be optically described by the parallel effective medium theory; in this case, the effective refractive index of the nanocomposite film increases proportionally to the volume filling fraction of the high-index nanocrystals. [46] Previous work has shown that Pbrich nanocrystals can be nucleated and grown using homogeneous thermal treatment [36] [37] [38] [39] [40] [41] [42] and the attractive properties realized at the lab-scale are retained upon scale-up to commercial sized melts. [42] Although capable of inducing index changes across large areas, temperature gradients are not effective for the creation of complex index profiles required for GRIN optics. Meanwhile, thin-film chalcogenide glasses have been shown to be highly photosensitive to wavelengths near the band gap, facilitating diffusion of elements within the glassy matrix. [47] [48] [49] [50] [51] Our novel fabrication process utilizes this phenomenon to achieve highly controlled nanocrystal growth using a two-step approach (Figure 1a) . When exposed to a 1064 nm sub-bandgap laser, the GAP-Se film undergoes photodissociation, breaking the bonds between neighboring atoms. The resulting instability www.advmat.de www.advancedsciencenews.com encourages the formation of a well-dispersed, sub-wavelength size Pb-rich amorphous phase; the concentration of this phase is dependent upon the exposure dose and remains highly localized to the irradiated regions. The laser-induced amorphous phases are then selectively crystallized into a high-index crystal phase using a subsequent thermal treatment of 150-200 °C, modifying the optical properties of the glass. Unlike direct thermal crystallization, the photothermal process can achieve nanoscale patterning resolutions by directly controlling the concentration of the Pb-rich phase. This method provides a potential low-cost manufacturing process for the scalable production of high performance GRIN optics; a grayscale mask can be used to spatially vary the exposure dose across the GAP-Se film to fabricate achromatic microlens arrays (Figure 1b) .
The laser exposure-induced phase separation of the otherwise homogeneous amorphous film is the key to the spatially selective crystallization process. By selectively preforming the Pb-rich amorphous phases in the glassy matrix with a laser, the refractive index can be selectively varied across the film, which is essential to designing the final optical profile of the GRIN component. Our novel fabrication approach is demonstrated on GAP-Se films vapor deposited on infrared transparent substrates, using an antireflective coating at the interface to mitigate the effects of standing waves. The film composition was chosen to have a high PbSe concentration (14%GeSe 2 -42%As 2 Se 3 -44%PbSe [at %]), to enhance photoinduced phase separation and nanocrystal formation and as a means of tailoring the dispersive properties for optimal chromatic performance. In order to maintain stability, films underwent a low temperature anneal of 120 °C for 4 h to reduce residual stress prior to laser exposure. via a 1064 nm laser at room temperature, the film separates into two distinct amorphous phases, a dark Pb-rich phase and a bright Pb-deficient phase (Figure 2b ). Subsequently, a 190 °C thermal treatment promotes selective crystallization of the Pb-rich phase, as is indicated by the crystalline fringes of the dark phases in the TEM image and spotted SAED pattern in Figure 2c . Neither modification to the Pb-deficient phase nor the unexposed region of the film occurs under these thermal treatment conditions. The concentration of nanocrystals created can be directly modulated by varying the exposure dose.
Adv. Mater. 2018, 1803628 www.advmat.de www.advancedsciencenews.com Figure 2d shows a lower density of the nanocrystals in the TEM image and spots in the SAED pattern when the exposure dose is reduced to 1.01 × 10 3 J cm −2 . It is important to note that in the absence of the laser exposure, temperatures greater than 200 °C are required to crystallize this glass, and results in spontaneous nanocrystal growth randomly within the glass matrix. This latter condition is undesirable because the size and distribution of these crystals can vary widely, increasing scattering and reducing transmission. The important point is that the Pb-rich nanocrystals only form in those regions where laser exposure has been carried out to phase separate the material, thereby lowering the activation energy for crystallization to temperatures between 150 and 200 °C. X-ray energy dispersive spectroscopy (XEDS) was utilized to analyze the laser exposureinduced redistribution of constituents including Pb, Se, As and Ge atoms in the films which was laser exposed at a dose of 7.56 × 10 3 J cm −2 and postannealed for 30 min at 190 °C. A dark field (DF) TEM image was collected and XEDS maps corresponding to all constituents in a scanning transmission electron microscopy (STEM) mode were generated. Spatial linear composition profiles of the constituents in the XEDS maps are shown in Figure 2e . The distribution of Pb in the XEDS map can be clearly correlated with that of the bright phase in the DF TEM image, suggesting that Pb atoms are segregated into the bright phases in the DF TEM image upon laser exposure. The atomic percentages of the four constituents were then quantified over a spatial region that spanned several bright and dark phase regions in the DF TEM image where it is clear that the nanocomposite consists of Pb-rich and Pb-deficient regions. Meanwhile, the spatial distribution of As atoms is opposite to that of Pb atoms while the distributions of Se and Ge remain relatively uniform across the region studied. The sub-wavelength segregation of Pb has a particular importance since Pbcontaining crystalline phases such as PbSe and Ge 0.1 Pb 0.9 Se 1.0 have been found to be formed via X-ray diffraction. The refractive indices of these crystalline phases [PbSe and Ge 0.1 Pb 0.9 Se 1.0 , respectively] are greater than those of crystalline As 2 Se 3 [40, 41] and Se [40, 41] as well as their amorphous counterparts (i.e., amorphous bulk GAP-Se glasses) [40, 41] and therefore play the dominant role in increasing the effective refractive index, n eff , of the transparent optical nanocomposite.
Multicomponent melt-quenched bulk chalcogenide glasses can exhibit metastable or unstable phase separation, limiting their use in optical applications. [52] [53] [54] [55] Films formed from these glasses often do not exhibit such morphology as the thermal history imparted in deposition is vastly different and the asdeposited metastable structure now further from equilibrium can remain amorphous. The photosensitivity of the as-deposited amorphous chalcogenide thin-film glasses enables their chemical bonds to reconfigure under laser exposure with a wavelength near the band edge. [47] [48] [49] [50] [51] Specifically, the lone-pair electrons with states located at the top of the valence band of the chalcogenide atoms play a dominant role in the thin-film glass' photosensitivity. When sub-bandgap light excites the nonbonding electrons to a sub-band energy state, electron-hole pairs are created. The electron-hole pairs change the valence of neighboring atoms and their chemical bonds, thereby contributing to the thermodynamically driven phase separation process. Electronic excitation of network bonds by the photoionization process increases the local density of nonbonded atoms in the laser-exposed volume so that the system can respond to the instability of the thin-film glass through macroscopic physical property changes, such as the Pb-rich phase separation. This effect is particularly favorable in vapor-deposited thin films since they are far from equilibrium, [56] i.e., when the source materials are deposited on a room temperature or cold substrate, they condense into an amorphous film with a high concentration of atomic/molecular clusters with strained bonds, thereby lowering the activation energy required to transform them to a more stable configuration. Thus, 1064 nm laser exposure is able to provide the activation energy required to drive the phase separation described above. The Pb-rich amorphous phase is itself unstable against crystallization and so heating to temperatures of 150-170 °C is sufficient to crystallize the Pbrich phase. It is important to note that in the absence of the laser exposure, temperatures greater than 200 °C are required to crystallize this glass. Therefore, the Pb-rich nanocrystals only form in those regions where laser exposure has been carried out to phase separate the material, thereby lowering the activation energy for crystallization.
To design GRIN optical elements, it is essential to correlate the morphological changes during the photothermal process to the corresponding changes in the postheat treated film's optical properties. Through understanding of both the laser exposure and the thermal treatment mechanisms in our films, the amorphous Pb-rich phase formation and the crystallization process can be engineered to spatially modify the optical properties of the film. Figure 3a shows spectroscopic ellipsometry (SE) measurements of the effective refractive index for an experimental group of films which have been laser exposed with a dose of 7.56 × 10 3 J cm −2 and subsequently annealed for 30 min at temperatures varying between 150 and 200 °C. Irradiated films which were not heated above 150 °C remained fully amorphous and were not found to produce a measurable index change, indicating that the nanocomposite comprised of multiple amorphous phases has an equivalent refractive index to the initial homogeneous film, despite structural differences. As the thermal treatment temperature is increased from 150 to 200 °C, the volume fraction of the Pb-rich amorphous phases that are converted into high index nanocrystals increases, leading to a corresponding change in the effective index consistent with the microstructural evolution observed in Figure 2 . However, films which have not undergone laser exposure fail to change in index until 230 °C, when sudden uncontrolled nanocrystal growth occurs spontaneously within the entirety of the glassy matrix. The Pb-rich amorphous phases, being more unstable than the homogeneous film, require lower activation energy to induce crystallization. By taking advantage of this transition region between the regimes, the photothermal process can be utilized to induce index change in selective regions of the film that a strictly thermal process cannot achieve. To determine the influence of laser exposure on the GAP-Se films, an exposure matrix with a wide range of doses varying from 5.05 × 10 2 to 1.51 × 10 4 J cm −2 and intensities from 1.05 × 10 1 to 1.51 × 10 4 kW cm −2 was selected for further investigation. Figure 3b shows SE measurements of the effective index changes at a wavelength of 4 µm following a thermal treatment of 30 min at 190 °C. The optical properties of the GAP-Se film www.advmat.de www.advancedsciencenews.com were found to be solely dependent on the exposure dose with the index change having a hyperbolic relationship as a function of fluence allowing for greater control during device manufacturing. By controllably producing index changes via variations in the laser exposure dose, we can achieve a nanoscale patterning resolution that would otherwise not be possible with a thermal gradient or other methodology (i.e., ion exchange or lamination) that relies on diffusion. In order to demonstrate that the effective index change is dependent on exposure dose and not the thermal treatment, we tested the samples at a thermal treatment temperature of 190 °C for varied postexposure anneal times (Figure 3c ). The changes in refractive index were found to saturate following a 45 min anneal, demonstrating that the laser-induced amorphous phases are completely crystallized after that duration and that spontaneous crystallization within the surrounding matrix phase does not occur.
The chromatic aberration of an optical system is typically corrected through the creation of an achromatic doublet; this approach uses two lenses with complementary dispersive properties to offset the fluctuations in focal length. However, this approach is not well suited for broadband applications as the dispersive properties of a homogeneous media tend to vary considerably across the 1-12 µm broadband spectrum, causing inconsistent color performance. GRIN optics can overcome this problem by producing unique dispersive properties that cannot be achieved by conventional homogenous spherical lenses. By Adv. Mater. 2018, 1803628 Figure 3 . n eff of GAP-Se films as functions of various laser exposure and thermal treatment conditions. a) Index change at 4 µm versus thermal treatment temperature (T) for films which underwent the photothermal process and thermal treatment alone. b) Index change at 4 µm is dependent upon laser exposure dose. c) ∆n eff at 4 µm versus post-thermal treatment time (t) for films which were laser-exposed with the doses used in (a). 
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introducing an index gradient along the radial axis of the optical element, light can be refracted within the volume as opposed to along a curved surface. As the dispersive properties of the component phases which bring about the volumetric focusing are different than in the case of a homogenous spherical lens, new degrees of freedom are achieved for chromatic aberration correction. [1] [2] [3] [4] [5] [6] The 14%GeSe 2 -42%As 2 Se 3 -44%PbSe GAP-Se film composition was selectively engineered to modulate the concentration of high-index nanocrystals, thereby providing ultralow dispersion across the entire 1-12 µm broadband spectrum. The Abbé number at a corresponding spectral range for a homogeneous media and a radial GRIN lens be respectively defined as V homo = (n middle − 1)/(n short −n long ) and V GRIN = (∆n middle )/(∆n short − ∆n long ) where n is the refractive index and ∆n is the change in refractive index for the material system at the corresponding positions within the chosen spectrum. [11] To determine the chromatic performance of the GAP-Se glass, we tested a series of films exposed to varying doses from 5.05 × 10 2 to 1.51 × 10 4 J cm −2 , which had been thermally treated for 30 min at 190 °C (Figure 3d) . Table 1 shows the calculation of V homo and V GRIN for GAP-Se glasses based upon effective indices of amorphous (as-stress relieving annealed and no exposure) and crystallized (the highest dose of 1.51 × 10 4 J cm −2 and post-thermal treatment for 30 min at 190 °C) films across short-wave infrared (SWIR), mid-wave infrared (MWIR), and long-wave infrared (LWIR) spectral bands in Figure 3d . While the homogeneous dispersive properties of the GAP-Se film were found to be similar to other conventional broadband materials, the radial GRIN Abbé number was found to be more than an order of magnitude greater and had remarkable consistency across the full bandwidth ( Table 2 ). The Abbé number of the radial index gradient was calculated to be −1950, −7712, and −7644 in the SWIR (1.6-3 µm), MWIR (3-5 µm), and LWIR (8-12 µm) regions, respectively. The GRIN properties are also unique in that they have a negative polarity, indicating that higher wavelengths are refracted more sharply than lower wavelengths. While these dispersive properties have been realized for a specific dose and heat treatment protocol, variation in these treatment conditions can be utilized to alter/tune the composite's desired dispersive attributes. These features make our GAP-Se composition an ideal candidate for many broadband applications as it has been shown to provide excellent chromatic performance across the entire spectrum with just a single lens element, which cannot be achieved with conventional spherical optics.
In order to take advantage of the unique dispersive properties associated with volumetric focusing, it is essential to demonstrate the lateral patterning resolution of the GAP-Se film by introducing spatial variations in the exposure dose. An optically opaque binary Au mask with a width of 1 µm and a pitch of 3.5 µm was deposited on top of the GAP-Se film, and laser exposed with a dose of 7.56 × 10 3 J cm −2 (Figure 4a) . BF TEM images and corresponding SAED patterns were taken from four Adv. Mater. 2018, 1803628 www.advmat.de www.advancedsciencenews.com regions labeled with 1, 2, 3, and 4 to observe both the lateral and in-depth microstructures before (Figure 4b ) and after (Figure 4c ) thermal treatment for 30 min at 190 °C. As shown in Figure 4b , the GAP-Se film remains homogeneous and amorphous in region 1 directly beneath the Au mask. The Pb-rich amorphous phases gradually transition in size from 10 to 50 nm between regions 2 and 3, until the film is fully exposed in region 4. Following thermal treatment, region 1 still remains homogeneous and amorphous while the Pb-rich phases in regions 2-4 are fully crystallized by the subsequent thermal treatment, as shown in Figure 4c . It is important to note that the concentrations of Pbrich phases in each of the corresponding regions are consistent before and after thermal treatment, showing no signs of localized diffusion. This demonstrates that our novel photothermal process is capable of controllably introducing arbitrary index gradients with nanoscale resolution via a single shot laser exposure. This also suggests that a grayscale mask can be implemented as a potential low-cost manufacturing process for scalable production of high performance achromatic microlens arrays. It is also important to see whether the size and density of the resulting Pbrich phase in each region of the film is independent of the depth too. Figure 4d shows BF TEM images of top, middle and bottom regions in the film before thermal treatment where the size and density of the laser exposure-induced amorphous Pb-rich phase appear to be uniform, independent of the depth. treatment, and similarly, the distribution of the Pb-rich nanocrystals is uniform along the depth. In parallel, full-wave COMSOL simulations were carried out for the Au mask test structure to model the resulting effective refractive index distribution. Figure 4e shows the electric field magnitude, |E 2 |, inside the film under the illumination of a transverse electric (TE)-polarized wave with a wavelength of 1064 nm. Both the air above the film and the antireflective coating/fused silica substrate below the film are hidden from the image for clarity. The incident light is partially blocked by the Au metal pattern which leaves shadowed regions in the film. The transition regions near the edges of the metal patterns are clearly shown, and the light intensities in the shadowed and open regions are different by upward of three orders of magnitude. The lateral transition of |E 2 | in the film is consistent with our experimental results where the density of laser-induced Pb-rich phases varies in the similar fashion. The excellent agreement between the experimental measurements and computational simulations allows for accurate modeling of complex index gradients within the GAP-Se film. To extend this mechanistic understanding to realize its applicability in an optically functional component, we utilize the photothermal process-induced index modulation in our GAP-Se film, to create a volume grating structure within the film structure. Specifically, the surface of the film was exposed with a laser beam for 6 h at 10 W which went through a mask, thereby creating a 1D volume grating structure consisting of alternating high and low index regions with a target lateral spacing of 23.7 µm. Following exposure, the film was heat treated for 30 min at 190 °C to realize growth of nanocrystallites within the exposed region. This dose + heat treatment protocol was chosen to create a localized target ∆n of 0.08, based on use of data from the film's calibrated response shown in Figure 3b . To assess the diffractive properties of the grating, the structure was interrogated in transmission (λ = 2 µm) mode. Under these measurement conditions, diffraction was confirmed by the presence of spots, as shown in Figure 4e . The spacing between the 0th-order (m = 0) and 1st-order (m = 1) spots corresponds to transmission diffraction angle of 1.504°. The diffraction data can be utilized to estimate the index change made within the modulating grating structure by the following equation [41, [57] [58] [59] 
where m, λ incident , n average , d, θ 0-m , n low , and n high correspond to the diffraction order (= 1), the incident laser wavelength, the average index of the grating structure, the spacing (= 23.72 µm), the transmission diffraction angle of the 1st-order spot (= 1.504°), the refractive index of an unexposed region (= 3.175), and the refractive index of an exposed region, respectively. n high of the exposed region is extracted to be 3.252, providing a refractive index change of 0.077 between the exposed and unexposed regions within the grating structure (i.e., ∆n = n high -n low = 3.252 -3.175 = 0.077). The index change closely matches the targeted ∆n of 0.08. This confirms that the photothermal process-induced local increase in refractive index is evident, and more importantly, our novel process and material system exhibits definitive optical functionality in the form of an infrared diffraction grating. This finding points toward the feasibility of its use in other interrogated photonic applications where spatially controlled, index modulation is desired. In summary, we have successfully demonstrated a novel photothermal process suitable for the manufacturing of low-cost, high precision microscale refractive and diffractive structures. By utilizing this approach to spatially modulate the concentration of sub-wavelength nanocrystals, we have demonstrated the ability to produce complex, arbitrary index gradients required for GRIN optics, with high spatial resolution. Radial index gradients which are fabricated within the GAP-Se glass have been shown to have unique dispersive properties not found in homogeneous media, such as ultralow dispersion across a broadband spectrum and negative Abbe numbers. This is the first ever material capable of achieving broadband achromatic performance using only a single optical element.
Experimental Section
Film Deposition and Stress Relieving Anneal: 0.134 µm thick SiO 0.9 AR coatings were deposited on fused silica substrates for 25 s at 300 °C, using 70 sccm of SiH 4 and 25 sccm of N 2 O source gases with 2000 sccm of N 2 carrier gas at 300 W and 3.5 × 10 −3 torr in the Applied Materials P-5000 plasma enhanced chemical vapor deposition chamber. Sequentially, 1.4 µm thick 14GeSe 2 -42As 2 Se 3 -44PbSe thin films were deposited by coevaporation of target materials for 10 min at room temperature, using 20 Å s −1 of 25GeSe 2 -75As 2 Se 3 and 8. Refractive Index Measurement: Refractive indices of the films were measured at wavelengths from 1.5 to 20 µm and angles from 69° to 75°, using J.A. Woollam IR-variable-angle spectroscopic ellipsometry (IR-VASE) including a Fourier transform infrared interferometer with a rotating compensator ellipsometer where IR light with a 8 mm beam spot is emitted by a Globar. Signals were collected by a deuterated triglycine sulfate detector.
Transmission Electron Microscopy Experiment: Cross-sectional specimens were prepared by ion milling followed by lift-out processing in the FEI Helios Nanolab 660 focused ion beam. The specimens were then mounted on Cu grids and ion-polished to ≈50 nm. TEM images, SAED patterns and XEDS data were collected in FEI Titan3 G2 TEMs operating at 200 keV.
Optical Simulation: The optical simulation was carried out using COMSOL Multiphysics software. The experimentally measured refractive indices of the layers including Au, GAP-Se film, AR coating, and fused silica substrate were used in the model. A plane wave with TE polarization was launched from the air side at the top boundary, and the other boundaries of the model were set with scattering boundary condition to mimic open boundaries.
